Abstract The bioimpedance spectroscopic (BIS) analytical algorithm described in this report allows for the noninvasive measurement of intravascular, interstitial, and intracellular volume changes during various fluid management procedures. The purpose of this study was to test clinical use feasibility and to demonstrate the validity of the BIS algorithm in computing compartmental volume shifts in human subjects undergoing fluid management treatment. Validation was performed using volume changes recorded from 20 end stage renal disease patients. The validation procedure involved mathematically deriving post hoc hematocrit profiles from the BIS data-generated fluid redistribution time profiles. These derived hematocrit profiles were then compared to serial hematocrit values measured simultaneously by a CritLine Ò monitor during 60 routine hemodialysis sessions. Regression and Bland-Altman analyses confirm that the BIS algorithm can be used to reliably derive the continuous and real-time rates of change of the compartmental fluid volumes. Regression results yielded a R 2 [ 0.99 between the two measures of hematocrit at different times during dialysis. The slopes of the regression equations at the different times were nearly identical, demonstrating an almost one-to-one correspondence between the BIS and CritLine Ò hematocrits. Bland-Altman analysis show that the BIS algorithm can be used interchangeably with the CritLine Ò monitor for the measurement of hematocrit. The present study demonstrates for the first time that BIS can provide real-time continuous measurements of compartmental intravascular, interstitial and intracellular fluid volume changes during fluid management procedures when used in conjunction with this new algorithm.
Introduction
Hemodynamic redistribution of fluids between body segments and between the fluid compartments within those segments are of central importance to various fluid management procedures [4, 25] and disease states [20, [27] [28] [29] [30] 34] . Such fluid redistributions affect the cardiovascular function, water balance and perhaps skeletal muscle function through physiological mechanisms that may be better understood with simultaneous characterization of both the extent and the rate of the inter-compartment redistributions.
Bioelectric impedance spectroscopy (BIS) has proved useful for non-invasive monitoring of inter-compartmental fluid shifts [2, 5, 8, 19, 23, 26, 33, 35, 38] , among others. To date, however, this approach has been limited to two compartments: intra-and extracellular volumes. The present paper demonstrates that, using a new analytical algorithm, it is possible to derive the fluid shifts that take place between the intracellular, interstitial, and vascular compartments from the current BIS output data.
Methods

Background
Various resistance/capacitance (R/C) models [1, 6, 21, 24] are used to quantify segmental volumes from recorded impedance measurements. The R/C model that is used by most currently available impedance systems represents the tissue as two parallel conductance paths, one through an extracellular compartment having average resistance (R e ) and the other through an intracellular compartment having average resistance (R i ) and capacitance (C m ). This model, which is limited to the determination of ''intracellular'' and ''extracellular'' resistances (R i and R e , respectively), can therefore only be used to estimate the corresponding intracellular, extracellular, and overall volumes of a monitored body segment. Unfortunately, an issue of principal concern in many clinical contexts is how the ''extracellular volume'' is distributed between its interstitial and intravascular compartments; an issue that the two component R/C models cannot address.
Since both blood and bone are nearly wholly resistive over the frequency range used in current BIS instruments [2, 37] , they should affect only the passage of current in the extracellular volume compartment. This configuration can be approximated by considering blood and bone to be additional fluid compartments that are each electrically in parallel with the intracellular and interstitial compartments of the other soft tissue, as illustrated in Fig. 1a .
The complex admittance Y of the circuit shown in Fig. 1a is given as a function of the applied current frequency f [16] by:
where Z is a series of complex impedances, j = square root of -1, x = 2pf is the angular frequency, R e , R i , a and C m are obtained from resistance and reactance values recorded during each sweep of the frequency range used by the BIS. An additional component of our analytical procedure is the development and application of the extravascular soft tissue cellular model [16, 17, 32] illustrated in Fig. 1b . This model can be used to calculate the interstitial and intravascular compartment volumes that comprise the previously calculated ''extracellular'' volume.
The extravascular soft tissue compartment of the monitored segment is modeled as a cylindrical homogeneous suspension of identical oblate spheroidal cells with long axes, a, oriented parallel to the applied field, I, as shown in Fig. 1b . Cells are allowed to change the volume only through variation in minor axis, b. The cell volume fraction and the intracellular and extracellular conductivities of this compartment are related to the compartment's R e , R i , and C m in Fig. 1a with theory developed by Hugo Fricke [11] [12] [13] [14] [15] .
The model shown in Fig. 1b is based on an assumed physical structure of the monitored segment, particularly its extravascular compartment (Fig. 1a) , which governs the values and frequency dependence of the ''resistive'' and ''reactive'' components of the segmental impedance. The model is fit to each measured spectrum by an iterative numerical process in which values of the model parameters are found that bring model-prescribed spectra into closest possible agreement with the measured spectrum. Because the model is a function of more parameters that are uniquely determined by the information in an impedance spectrum; selected model parameters must be assigned ''fixed'' values in the fitting process. Detailed descriptions of this analytical approach and the solution of Eq. 1 can be found in Sasser et al. [32] , Gerth et al. [17] and Gerth and Watke [16] .
Validation
The previous sections describe how swept frequency bioimpedance monitoring provides a convenient, minimally invasive means of monitoring intracellular, interstitial, and vascular volume changes. The question is whether these recordings reliably correspond to the actual volume changes in these three compartments. In the absence of invasive If the BIS net volume changes are correct, our computations provide a way to track three compartment fluid shifts, then such BIS-recorded fluid shifts should correlate with those of an independent physiologic measure of fluid volume changes. The HD patient's hematocrit (HCT), expressed as %, rises (due to hemoconcentration) as excess fluids are removed by ultrafiltration (UF)-and falls or rises more slowly (due to hemodilution) as extravascular fluid moves into the vascular system as a result of compensatory osmotic and hydrodynamic pressure changes. Both changes in HCT and changes in the rate of vascular ''refill'' can be measured non-invasively during routine HD therapy sessions. Changes in HCT can be measured by a CritLine Ò optical monitor (HemaMetrics, Kaysville, UT, USA). The rate of ''refill'' can be calculated from the BIS volume data.
Subject population
Data used to validate our analytical procedures were collected from a series of dialysis treatments conducted at the New York Medical Center (NYMC). The validation protocol was fully approved by the appropriate Institutional Review Board prior to study initiation. Twenty chronic HD patients over the age 21 who were capable of giving informed consent underwent testing. Each patient was tested during a nephrologist prescribed treatment using Polyflux Series (8L, 170H or 210H) high-flux dialyzers (Hechingen, Germany) for 3 to 4 h, and was tested three times on subsequent days during a given week. In this way, 60 tests were conducted at NYMC. All testing was conducted in a temperature-controlled room (24-26°C).
Eleven male and nine female patients were included in the test group. Even though both male and female patients were tested, gender response differences were not the focus of this work. Females, who have lower hematocrits [22] were included to provide a wider range of hematocrit values.
The mean age of the 20 subjects was 65.3 ± 11.3 (years). Their pre-and post-dialysis HCT (%) were 34.84 ± 2.50 and 38.47 ± 3.60, respectively. Their preand post-dialysis weights (kg) were 78.78 ± 16.17 and 76.53 ± 15.91, respectively. The HCT and weight changes that took place during dialysis were 3.63 ± 1.90 (%) and 2.25 ± 1.13 (kg), respectively. A total mean of 2413 ± 776.2 (ml) of fluid was removed during each of the 60 dialysis treatments.
Instrument
A tetrapolar BIS (UFI Inc., Morro Bay, CA, USA) was used to measure the tissue resistance and reactance at 40 discrete frequencies once a minute during this study. The BIS electrodes were attached to the subject's dominant lower leg as shown in Fig. 2 .
The source electrodes were placed just above the knee and just above the lateral malleolus; the sampling electrodes were placed just below the knee and above the ankle. After a 30-min semi-reclined acclimatization/ instrumentation period, the measurements listed above were recorded for a period of 30 min prior to HD. These measurements served as the control values for the intra-HD and post-HD recovery period values. Systolic and diastolic blood pressure (brachial cuff measures), and heart rate were measured every 30 min during the dialysis procedure as per dialysis facility protocol. Body weights were measured before and after each HD session. Possible signs and symptoms of hypovolemia, such as breathlessness, dizziness, presyncope, nausea, vomiting, thirst, fatigue, and cramps were monitored and recorded by the attending medical officer. Mid-session dialysis prescription alterations, such as changes in dialysate and blood flow rates, and net fluid removal were recorded continuously by the dialysis machine.
A CritLine Ò optical monitor served as the ''gold standard'' for validation and was used simultaneously to detect on-line changes in hematocrit. The CritLine Ò measures the optical absorption and scattering properties of red blood cells as they pass through the HD circuit. Since red blood cell mass and hemoglobin do not usually change during treatment, the relative changes in hematocrit should parallel the changes in blood fluid content. The CritLine Ò instrument is well validated [36, 37] , FDA-approved [9, 10] and routinely used for patient management.
Data analysis
Three calf compartment and total calf compartment net fluid volume changes are displayed in real time by the BIS monitor we have developed. This is shown as Fig. 3 . The recorded minute-to-minute changes in each of these time series are used to calculate fluid shifts across compartments. The calculation takes advantage of the fact that intracellular fluid can only move into (or come from) the interstitial compartment; there is no other adjacent compartment. This implies that any change in intracellular fluid volume (V c ) must reflect a movement of fluid between the intracellular and interstitial compartments. Thus, using the notation ''Mic'' for fluid ''movement'' into cells from the interstitial compartment, (ML/min):
The sign of Mic indicates the direction of movement. A negative value indicates an outflow from the intracellular compartment into the interstitial compartment.
Proceeding in this manner, the movement of fluid from the vascular (blood) compartment (Mbi) into the interstitial compartment and the movement of fluid from other segments (Mob) into the vascular compartment are calculated via a block triangular linear transformation of the compartment volume changes:
Recalling that fluid movement (ML/min) here is defined as the movement into the indicated compartment, a negative value of Mbi is a net movement of interstitial (or extravascular) fluid into the vascular compartment. Hereafter this will be referred to as ''vascular refill,'' and such refill will be assumed to offset some of the effect of ultrafiltration (UF) on hematocrit. That is, as UF tends to raise the value of HCT, a negative value of Mi tends to decrease HCT via hemodilution.
This
Statistics
Statistical analysis was performed using MedCalc Ver. 10.0.0.0. A Student's t test for paired observations was used to compare pre-and post-hemodialysis results. Tests of significant differences between the BISHCT and CLHCT values at the specified times were performed by non-paired Student's t test. In addition, Pearson's correlation and Bland-Altman [3] analyses were used to compare the BISHCT and CLHCT results at each time. Results are reported as mean ± SD. The variance in the results given for the analyses described in Sect. 3.1 and listed in Table 1 are reported as the SE of the estimate.
First difference analyses were used in the calculation of BISHCT values from the impedance data to mitigate concern about spurious correlation due to autocorrelation in 
Results
Controlled sample results
Of the 60 sessions completed, 12 were best suited for validation procedures as they involved no changes in the UFrate, no patient complications, and no interventions (such as therapeutic infusions). Table 2 The remarkably close relationship between the changes in ''vascular refill'' calculated from the BIS data and changes in CLHCT implies that the (un-differenced) trajectories of these two variables will be very close. This can easily be illustrated by time integrating both series, and setting the constant of integration equal to the ''actual'' HCT value as an initial condition. This is illustrated in Fig. 4 using the estimated coefficients for the first session shown in Table 1 .
This same procedure was used to produce graphs like Fig. 4 for all 60 HD sessions. The strength of correlation between the two series for all sessions was evaluated by ''sampling'' all of the charts at a specified elapsed time, thereby obtaining 60 pairs of values (i.e., of CLHCT and its predicted value). This sampling procedure was repeated for several intervals selected on the basis of the following considerations.
All dialysis sessions included in this analysis lasted at least 120 min. Shortly after 120 min, some of the dialysis sessions were terminated for different reasons: patients experiencing syncope, cramps, completion of the required dialysis, etc. Mean calculated BIS and observed CritLine Ò hematocrit (±SD) values are presented in Table 2 for elapsed dialysis times of 30, 60, 90, 120, and END. The END values that are given in Table 2 were taken from the last minute before cessation of dialysis. The average (±SD) time for the END data is 183.4 ± 13.1 min from the start of dialysis. The CritLine Ò hematocrit values measured by the optical sensor in Table 3 and the following tables and figures are designated CLHCT. The values calculated from the BIS measurements are designated by BISHCT. No significant differences were found between the BISHCT and the CLHCT values at any of the elapsed times listed in Table 2 .
Regression and Bland-Altman [3] analyses were performed to compare the BIS hematocrit values to the observed CritLine Ò values at each of the elapsed times listed in Table 3 . Graphical results of the regression and Bland-Altman analyses at the specified elapsed times are given in Fig. 5 . Regression charts of BISHCT vs. CLHCT at elapsed times of 30, 60, 90, 120 min and during the last minute of dialysis are given in Fig. 5a , c, e, h, and i, respectively. The solid trace in each of these charts represents the corresponding regression equation and the dashed traces show the 95 % confidence limits of the regression. The regression equations and R 2 values for each of these comparisons are given in the appropriate panels within Fig. 5 .
The differences between BISHCT and CLHCT are represented in Bland-Altman graphs [3] for the same elapsed times in Fig. 5b, d , f, h, and j, respectively. The mean difference at each time is shown by the solid horizontal line, the limits of agreement is shown by the large dashed traces, and the 95 % confidence interval is illustrated by the small dashed lines in Fig. 5b, d , f, h, and j. Table 3 lists the corresponding Bland-Altman results.
Discussion
This study describes how a new algorithm can be applied to derive the intracellular, interstitial, and intravascular fluid volume changes from the data provided by current BIS instruments. Intra-dialysis blood volume changes were measured by a CritLine Ò and these measurements were used to demonstrate and confirm the BIS algorithm results.
The results presented in Table 1 represent the subset of treatments during which patients required no intervention for hemodynamic change. These results demonstrate that a simple linear model can be used to compare the BISHCT values derived from the intracellular, interstitial, and intravascular compartmental volume changes to the CLHCT measurements.
Regression and Bland-Altman analyses of the data from the entire cohort of 60 dialysis sessions were then completed to determine if the linear model is applicable to dialysis sessions during which patients require clinical intervention, such as changes to ultrafiltration or flow rates. This data included results from dialysis sessions with varying UF rates and changes in patient posture, and sessions during which fluid or medications were administered or food consumed.
The R 2 values obtained from the regression analyses shown in Fig. 5 are all greater than 0.9, ranging from 0.993 to 0.994, thus, demonstrating a very close relationship between BISHCT and CLHCT. In addition, the slope coefficients of the various regression equations given in Table 3 , are all nearly identical confirming that there is almost a one-to-one correspondence between BISHCT and CLHCT at each of the elapsed times.
The Bland-Altman analysis (Table 3) indicates that there are no significant differences between the BISHCT and CLHCT values at any of the elapsed times. The mean difference between BISHCT and CLHCT was 0.06066 at the end of dialysis. This does indicate a slight overestimation of the BISHCT as the time of treatment continues. However, this difference is negligible when the two actual hematocrit values are compared. Given the mean hematocrit of 38.22 for the CLHCT at the end of dialysis from Table 2 and the corresponding mean difference for that time from Table 3 of 0.06066, the actual error is 0.15 % of the CLHCT.
The ability to differentiate between volume changes in the three fluid compartments during fluid management therapy will fill a critical need in many health care situations. For example, in critically ill patients who are hypotensive, such as in septic shock, ICU physicians often give large amounts of fluids (as much as 10 or more liters a day) to maintain blood pressure and hemodynamic stability. Ideally, the replacement fluid should stay intravascular to raise blood pressure. Unfortunately, if this fluid moves into the interstitial space, this will lead to massive edema and if it goes into lung tissue, it leads to acute respiratory distress syndrome (ARDS) which is associated with high mortality. Treatment of this complication requires fluid removal by diuretic therapy in patients with normal kidney function and renal replacement procedures in those with kidney failure. Usually these patients require invasive monitoring, such as intra-arterial catheters to measure BP, and placement of central venous catheters to measure wedge pressures, pulmonary arterial pressure, and cardiac output. Continuous calculation and display of the intracellular, interstitial, and intravascular volume changes would provide a better guide in fluid management in such patients, so that fluid administration could be adjusted only after intravascular repletion was obtained and before the volume overload occurred.
Our BIS analytical procedure will also be useful for intravenous fluid management in other acute settings, such as patients suffering from septic or cardiogenic shock, extensive burns, lymphedema, or perhaps critical patients in emergency or operating rooms. Our non-invasive procedure allows bedside monitoring of fluid shifts and, in doing so, informs individualized, immediate clinical decision making regarding fluid resuscitation.
The general algorithm described in this work may be used in conjunction with the output data from other BIS instruments. However, most of our work to date has been in applications to data from the human calf, and we expect that its use in application to whole legs or arms will require some modifications to better represent the cells in those body segments. In addition, specification of appropriate parameter values and of the initial conditions used in the application of the algorithm to calculate interstitial volumes may be different for different body segments that cannot be approximated as a cylinder or contain nonconductive voids, such as the head and torso. Each body segment may require a different set of cellular parameters for a given application.
The present study demonstrates that a new BIS algorithm can be used to provide real-time continuous measurements of intracellular, interstitial, and intravascular fluid volume changes during fluid management procedures. Such information may prove valuable in the diagnosis and management of rapid changes in body fluid balance.
